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論 文 内 容 要 旨          
 Cold spray technology has been a very successful and understood technique in coating various metal/metal systems unlike 
polymer/metal or polymer/polymer depositions. Recent developments showed polymer depositions to be feasible by downstream 
injection cold spray technique. Ultra-High Molecular Weight Polyethylene (UHMWPE) deposition on various substrate materials was 
demonstrated in which it was seen to be able to deposit due to the control of three major parameters; particle surface activity (by 
addition of hydrophilic polar nano-alumina particles like fumed nano alumina (FNA) to the particle surface), particle temperature and 
particle velocity. But the mechanism behind deposition was not largely understood due to the complexities of the physical and 
chemical nature of the polymers at high strain-rates and high heating rates. Further, discussions on the criteria and effect of fumed 
nano alumina particles in the build-up of UHMWPE coatings have not been made yet.  
The thesis presents a detailed mechanistic understanding of high strain-rate impact behavior of Ultra-High Molecular Weight 
Polyethylene and the mechanism of coating formation on Al substrate during cold-spraying. As for any coating formation, the 
cold-spray coating process of UHMWPE particles is broken down in to two major categories: (i) Interaction of UHMWPE with Al 
substrate during a high-speed impact. (ii) Interaction of UHMWPE with already deposited UHMWPE particles leading to a buildup in 
the coating. Then, a general idea of high-strain rate mechanism specific to UHMWPE material used in this study and an introduction 
to the strain-rate dependence of a UHMWPE-FNA composite material is presented.  
In order to efficiently characterize the high velocity UHMWPE-Al interaction, a method called “Isolated Particle Deposition” (IPD) 
was developed. Using this method, UHMWPE particles were sprayed within a dilute 2 phase flow and was deposited on Al substrate 
in an isolated manner. Figure 1 illustrates the basic set up involved in the process. This method was prepared on the assumption that 
such a spray configuration would lead to an undisturbed interaction of UHMWPE and carrier gas during the flow. Thus, the individual 
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deposition behavior of UHMWPE in consequence of the mechanical and thermal state of particle during the impact could be 
accurately analyzed. The experimental process included identifying the particle velocities during impact, the microstructural analysis 
of the impacted particles at different gas temperatures, recording the deposition efficiency of UHMWPE with and without the 
inclusion of fumed nano-alumina particles in the feedstock.  
The general observation and empirical understanding of the cold-spray deposition of UHMWPE under different gas temperature and 
different percentage of FNA content obtained from the IPD method were quite interesting. One of the major parameters that 
influenced UHMWPE deposition is the gas temperature. Deposition efficiency was seen to show a spike at a gas temperature greater 
than 380oC. Effect of increase in gas temperature was seen in increase in the number of similar-sized particles deposits and increase in 
the size of deposits. FIB sectioning and observation of the individually deposited particles indicated heavy degree of deformation of 
UHMWPE particles at high gas temperatures. FNA particles addition to the feedstock was seen to be the second important parameter 
that affected the deposition efficiency. FNA nano-alumina particles also enhanced the overall deposition volume and deposition 
efficiency. Effect of FNA addition was seen in increase in the number of similarly sized deposit for the same operating gas temperature 
with successive increase in %FNA content and an increase in size of deposits. The observation of the sectioned deposits with different 
percentages of FNA showed that in addition to heavily deformed deposits at high gas temperatures, FNA also helps in the deposition 
of particles which contribute a lower contact area during impact. 
 
Figure 1. Illustration of the basic set up involved in Isolated Particle Deposition (IPD) method. 
In order to explain these empirical observations, IPD process was theoretically modeled in which thermal and the kinetic state, which 
are represented by particle temperature and particle velocity respectively, were calculated at nozzle outlet and during the impact. The 
final deposition characteristic which depended on the mechanical response of the impacting particle, was predicted by calculating its 
stress–strain response at different temperatures and strain-rate relevant to cold-spray. Figure 2 represents the illustration of the same. 
This part of the study discussed the subtle nuances of thermal and mechanical responses of UHMWPE during the flight, impact and 
post-impact from the calculated parameters and corroborated with the experimental results. The effect of FNA in enhancing the 
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adhesion was also discussed, giving a perspective of how fumed nano-alumina was involved in the mechanism of deposition. 
UHMWPE experiences heating rates of the order 104K/s, they are assumed to remain at an intermediate non-equilibrium crystalline 
state before impact.  
 
Figure 2. Illustration showing the prerequisites of model construction for the IPD process. 
As the bonding energy generated by UHMWPE during the impact is low due to the low surface energy, the deposition criteria largely 
lies in the amount of stored elastic energy in the material. Elastic energy of UHMWPE decreases at increasing gas temperature and 
increases with the strain-rate. At the same time, a temperature-strain-rate equivalence principle is used to calculate the temperature at 
which stored elastic energy within the particle can be shown to be near-zero. Hence, the rebound of UHMWPE particles on Al surface 
depends upon whether UHMWPE particles after impact can furnish a contact area with an interfacial bond stronger than elastic strain 
energy of the particle. At the same time bonding of UHMWPE depends upon the extent of wetting at the particle-substrate interface. 
External agents like H-bonds on the FNA surface provide sufficiently strong extra bonds at the contact surface to increase the window 
of deposition at higher temperatures, which was otherwise very low. Increase in particle temperature essentially decreases its elastic 
energy and density of –OH bonds help in withstanding the elastic energy to a certain extent, thereby increasing the window of 
deposition. In short, major parameters that influenced significantly the UHMWPE deposition behavior were the particle temperature 
and velocity, elastic strain energy and the amount of FNA (or density of H-bonds). The illustration showing the general criteria for 
deposition of UHMWPE with FNA particles on the surface is shown in figure 3. 
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 Figure 3. The illustration showing the general criteria for deposition of UHMWPE with FNA particles on the surface. 
The next section of research work focused on the interaction of impacting UHMWPE particles with the already deposited UHMWPE 
layer. This part of the study specifically focused on understanding the mechanism of welding of UHMWPE grains relevant to cold 
spray technique. Two important parameters; interfacial load and % FNA; were identified playing important role during cold-spray 
process. Hence, to find out their interdependence, welding mechanisms and to account for the presence of porosity in the cold-sprayed 
samples, a new set of samples were prepared by classical sintering, using three different protocols namely; full sintering; half sintering 
and free sintering; to analyze the weldability of UHMWPE grain under different local interfacial loads. Among the characterization 
used in this work, X-Ray tomography was used to identify the porosity ratio and relative densities in such samples and mechanical 
characterization was performed to identify the fundamental parameters involved in the strength of the interface. 
The morphological and mechanical characterization performed on full sintered, half sintered and free sintered samples showed that 
sintering is heavily influenced by the interfacial load and interfacial FNA particles. Firstly, while looking into the sintering of any two 
interface of nascent UHMWPE particles, it was under understood that when the interface reaches melting point, largely driven by the 
“melting-explosion” phenomenon, the chain diffusion and re-entanglement occurs through the interface. The consequential 
re-entanglement density per unit area of a virgin UHMWPE surface was seen to be not depending much on the interfacial load being 
applied, which was seen from the fact that modulus value of the half-sintered material obtained experimentally and using 
Gibson-Ashby’s model were both in good agreement with each other.  
On the other hand, the modulus and yield stress value obtained for UHMWPE processed with FNA content at high and low 
compressive loads were starkly different. Figure 4 shows the the relationship between the content of FNA particle on UHMWPE 
surface and the interfacial loading during processing. It showed that a sufficiently high interfacial load is necessary to embed FNA 
particles in to the polymer matrix to promote wetting and a subsequent re-entanglement by letting chains go around the FNA particles. 
Thanks to this wetting of FNA particles during the re-entanglement, it was shown to contribute to the reinforcement of these interfaces. 
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By stark contrast, the low interfacial load was seen to be decreasing the mechanical property of the volume with the increase in the 
FNA content. Considering the evidences based on the X-ray tomography, the relative density decreased with FNA content which 
suggested that interfacial load, during half-sintering, was not sufficient enough to provide the energy to press the interface against each 
other for a good wetting and a subsequent inter-diffusion.  
 
Figure 4. Graphs depicting the relationship between the content of FNA particle on UHMWPE surface and the interfacial loading 
during processing. 
A cold-sprayed UHMWPE fails to build up as the impact energy is far greater than the bond energy generated at UHMWPE-substrate 
interface. Next, as the FNA content was successively increased, -OH bonds can help to increase the bond energy and at ~3-4% FNA, 
the density of –OH bonds can probably support a buildup. Although, the reason why the deposition efficiency peaks at 4% FNA 
content and drops down after was explained from the reasoning constructed from the sintering experiments designed. In a 
cold-sprayed deposit, there are areas experiencing high, low and no interfacial load at all. The sintering experiments were necessary to 
understand the general trend followed by the effect of the interfacial load on the sintering of UHMWPE grains. Hence, the reason for 
the drop of deposition efficiency after 4% was explained primarily due to the fact that the interfacial load generated during the impact 
becomes insufficient to embed the FNA particles in to the polymer matrix for obtaining a subsequently sufficient wetting and a chain 
diffusion and re-entanglements of the grain interfaces.  
Last section of the thesis discusses the strain-rate effect of UHMWPE. This part of the study discusses in detail the possible effects a 
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high strain-rate compression has on UHMWPE by analyzing the stress-strain curves of the same. This section also comments on the 
high strain-rate effects of fumed nano-alumina strengthened UHMWPE matrices. A general picture of the mechanical response of 
UHMWPE under increasingly higher strain-rates is thus presented. With the increase in strain-rate, UHMWPE exhibited a higher 
stress at beginning of yield. Also, it was evident from the compression curves that, rate of strain hardening was also seen to increase 
with increase in the strain-rates. This phenomenon was taken in to consideration in addressing the IPD model in the previous section, 
in addition to the effect of temperature (together called temperature-strain-rate superposition principle), to explain its deposition 
mechanism. Further, the mechanical response data with the inclusion 0%, 4% and 10% FNA to UHMWPE was also presented. The 
increasing rate of post yield softening phenomenon seen with 10%FNA was seen which is probably due to the lowering of the total Cp 
value of the composite because of a lower Cp FNA as compared to UHMWPE. This subsequently leads to a larger specimen 
temperature. While the exact molecular mechanism of involvement of FNA particle which can explain the macro-mechanical 
behavior cannot be derived from these results, the experimental results helped to speculate the origins. Only a probable mechanism 
was explained for this phenomenon. For further elucidation of this mechanism, experiments with more set of strain-rates have to be 
included. 
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